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CytochromeThe kinetics and thermodynamics of forward and reverse electron transfer around the reaction center of
purple bacterium Rhodobacter sphaeroides were studied in vivo by ﬂash-excited delayed ﬂuorescence,
prompt ﬂuorescence (induction) and kinetic difference absorption. By protection of the photomultiplier from
intense bacteriochlorophyll prompt ﬂuorescence evoked by laser excitation, the time resolution of the
ﬂuorometer was reduced typically 10 μs. Two precursor states of the delayed ﬂuorescence were identiﬁed:
P+QA− and cyt c23+QA− whose enthalpy levels were 340 meV and 1020 meV below A⁎, respectively. The free
energy of the P+QA
− state relative to A⁎was−870meV inwhole cells. Similar values were obtained earlier for
isolated reaction center and chromatophore. The free energies of cyt c23+QA− and P+QA− states showed no or
veryweak (−6meV/pH unit) pH-dependence, respectively, supporting the concept of pH-independent redox
midpoint potential of QA/QA
− in intact cells. In accordance with the multiphasic kinetics of delayed
ﬂuorescence, the kinetics of re-opening of the closed reaction center is also complex (it extends up to 1 s) as a
consequence of acceptor and donor-side reactions. The control of charge export from the reaction center by
light regime, redox agents and inhibitors is investigated. The complex kinetics may arise from the distribution
of quinones in different redox states on the acceptor side (QB binding site and pool) and from organization of
electron transfer components in supercomplexes.© 2009 Elsevier B.V. All rights reserved.1. IntroductionPhotosynthetic bacteria convert light energy into useful electro-
chemical energy similarly as higher plants do but with more
simpliﬁed machinery including only one photosystem and cyclic
electron transfer [1,2]. The current view of molecular organization and
electron transfer steps in photosynthetic membranes from purple
non-sulfur bacterium Rhodobacter (Rba.) sphaeroides can be summar-
ized as follows [3]. There are three main protein components in the
membrane: core (LH1) and peripheral (LH2) antennas, reaction
center (RC) and cytochrome (cyt) bc1 complex. The large redox
proteins are connected by diffusing carriers (molecular shuttles) that
exchange redox equivalents produced by light excitation in the RC
(Fig. 1). While the hydrophobic ubiquinone (Q) molecules carry
electrons and protons in pairs from the RC to the oxidizing side of the
cyt bc1 complex, the water soluble cytochrome c2 (cyt c2) protein
transfers one electron from the reducing side of the cyt bc1 complex to
the RC. The redox partners comprise cyclic electron ﬂow.Chl, bacteriochlorophyll; cyt,
mplex; P, bacteriochlorophyll
B, secondary quinone acceptor;
ti).
ll rights reserved.By now, the atomic structures of most of the protein complexes are
revealed. The interest turns both to dynamic control of the electron
transport chain by the proteins [4,5] and to themolecular organisation
of the components. Such investigations revealed the closed ring
structure of LH1 around the RC [6] and led to the concept of a
“supercomplex” (dimeric) structure consisting of two RCs, one cyt bc1
complex and one cyt c2 [2,7].
After absorption of a photon by one of the bacteriochlorophylls of
the antenna, the electron excitation energy (A⁎) is trapped by the
bacteriochlorophyll dimer (P⁎) of the RC followed by immediate
charge separation (P+QA−). The charges can either be exported from
the RC, consequently the free energy of excitation will be utilized by
conversion to useful electrochemical potential or recombined, result-
ing in complete loss of the absorbed light energy. Charge export and
recombination in the RC are competitive processes. To assure high
yield of light utilization by the photosynthetic organism, key problems
like 1) the kinetic and energetic aspects of escape of charges from the
RC and 2) the possible pathways of charge recombinations should be
revealed.
The reverse reactions produce delayed light (DL) of bacteriochlor-
ophyll by thermal re-population of the excited state [8–10]. As the free
energy of the precursor states are well below P⁎ (or A⁎), the intensity
of DL will be very low [11,12]. Thus, the DL is created by a leak of the
precursor state and therefore does not contribute to the decomposition
of the precursor signiﬁcantly (“leakage” type DL, [13]). The drawback of
Fig. 1. Schematic arrangement of redox states of RC on free energy scale and 5 steps of
cyclic electron ﬂow in Rhodobacter sphaeroides. Reactions 1 and 4 determine the rate of
export of light-induced charges from the RC on the donor and acceptor sides,
respectively. Ferricyanide and terbutryn block electron transfer steps 2 and 3,
respectively. External electron donor (D) can re-reduce P+ and/or cyt c23+. By charge
recombination from P+QA− and cyt c23+ PQA− states (rate constants kr1 and kr2,
respectively), P⁎ and A⁎ can be generated via thermal re-population (dashed arrows)
that leads to delayed ﬂuorescence.
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but to monitor the physiological electron transfer reactions. In the
simplest case of no charge escape from the RC, the kinetics of DL
originating from the P+QA− precursor state should reﬂect the charge
recombination of rate constant kr1 (Fig. 1, [14]).
The kinetic and energetic requirements of an efﬁcient harvest of
the light by the RC are well elaborated in isolated systems (RC protein
[15–19], antenna–RC complex [20] and membrane fragments [21–24]),
but our knowledge is highly limited in intact whole cells [25]. Here we
set the aim to ﬁnd the kinetics and thermodynamics of key reactions
that lead to export and/or recombination of charges in RC in intact
bacterial cells. In suspension of whole cells, the use of a standard
method of ﬂash-induced absorption change is highly restricted because
of light scattering and small RC concentration. The yields of delayed
and prompt ﬂuorescence of bacteriochlorophyll are less sensitive to the
scattering of the sample than the absorption change [26]. Similarly, as
in isolated RC [8,11,27] and in chromatophores [14,28], the absolute
free energy level of the P+QA− charge separated state relative to that of
P⁎ will be determined in intact cells by comparison of the intensities of
the delayed and prompt ﬂuorescences of the bacteriochlorophylls. We
will gain information on light-, chemical- and redox conditions of
charge export from the RC.
2. Materials and methods
2.1. Bacterial strain
The cells of the wild type (2.4.1) purple non-sulphur photosyn-
thetic bacterium Rba. sphaeroides were cultivated anaerobically in
Siström medium [29] stirred in 1 l screw top ﬂasks. Tungsten lamps
(40 W) provided irradiance of about 13 W m−2 on the surface of the
vessel. The cells were harvested in the late stationary phase of the cell
growth and were typically set either to constant values of cell number
(∼1.3·109 cells ml−1) or optical density (OD690 ∼0.2 in 1 cm cuvette)
or bacteriochlorophyll content (∼7 μM). The cells were counted by
calibrated Bürker chamber under lightmicroscope, the absorptionwas
measured by UnicamUV spectrophotometer and the BChl content of the
cells was determined after extraction in acetone/methanol (7:2 v/v)
using an extinction coefﬁcient of 75 mM−1 cm−1 at 770 nm. For
measurements requiring anaerobic conditions, the cells were bubbled
by nitrogen in air-tight quartz cuvette for 5 min.2.2. Chemicals
Terbutryn and stigmatellin were used to block the re-oxidation of
QA− by QB. External electron donors TMPD (N, N, N′, N′-tetramethyl-
1,4-phenylene-diamine dihydrochloride) and DAD (2,3,5,6 tetramethyl-
p-phenylene-diamine) were applied to compete either with cyt c22+ to
re-reduce P+ or with cyt bc1 complex to re-reduce cyt c23+. Potassium-
ferricyanide and sodium-dithionitewere used as oxidizing and reducing
agents, respectively. For pH titration, buffers (10 mM) were used as
follows: 2-(N-morpholino)-ethanesulfonic acid (MES; Sigma) between
pH 5.5 and pH 6.5; 1,3-bis[tris(hydroxymethyl)methylamino]propane]
(Bis–Tris propane; Sigma) between pH 6.3 and pH 9.5; Tris HCl (Sigma)
between pH 7.5 and pH 9.0; 3-(cyclohexylamino) propanesulfonic acid
(CAPS; Calbiochem) above pH 9.5.
2.3. Absorption changes
Flash-induced absorbance changes inwhole cells of Rba. sphaeroides
were measured by a home-made kinetic absorption spectrometer
described in detail elsewhere [30]. The light-induced oxidation of the
primary donor (P+) of the RC and its re-reduction by internal (cyt c2)
and/or external (DAD and TMPD) electron donors were tracked
indirectly by electrochromic shifts of the absorption band of the
accessory BChl (800 nm) at 798 nm [31]. The oxidation of reduced cyt c2
by P+ and its subsequent reduction by the cyt bc1 complex [32,33] were
detected at 551 nm and the background measured at 570 nm was
subtracted (ΔA551−ΔA570).
2.4. Fluorescence induction
The kinetics of bacteriochlorophyll ﬂuorescence upon the rectan-
gular shape of illumination was recorded by a home-built spectro-
ﬂuorometer with laser diode excitation (808 nm,1W cm−2) [34]. The
duration and intensity of the laser pulse could be adjusted by a home-
built control unit. The rise time of the laser excitation was much less
than the time resolution of the device (∼1 μs). The ﬂuorescence of the
bacteria was detected through an IR cutoff ﬁlter (Schott RG-850,
λN850 nm) either by red-sensitive photomultiplier (Hamamatsu
R3310-03) cooled down to−30 °C (Photocool PC 410CE; Products for
Research) or by pin photodiode (10DI, UDT Sensors, Inc.).
2.5. Delayed ﬂuorescence
The whole cells of bacteria were excited by a frequency-doubled
and Q-switched Nd:YAG laser (Quantel YG 781-10, wavelength
532 nm, energy 20 mJ, duration 5 ns) and the delayed ﬂuorescence
was observed through the same set of optical ﬁlters as the prompt
ﬂuorescence. The cooled photomultiplier (Hamamatsu R3310-03)was
protected from the intense prompt ﬂuorescence of the bacteriochlor-
ophylls either by an electronically controlled mechanical shutter
(Uniblitz VS25) [11] or by electronic gating of the photomultiplier
[35]. In the latter case, the electric potentials of three dynodes were
raised above the potentials of the corresponding neighbors in the
voltage dividing chain and the ampliﬁcation of the photomultiplier
dropped by 6 orders of magnitude for a short period of time (400 ns)
during the laser excitation. The delayed light wasmeasured by a photon
counting multiscaler board using MCDWIN software (MCA-3/P7882
Fast ComTec).
3. Results
Under physiological conditions of intact cells, the charges created
in the RC after a single ﬂash excitation are exported by fast reactions
and the stored free energy is utilized later to drive energy consuming
reactions. The reverse reactions including the recombination of
charges have usually minor role only (kr1≪k2 or k3 and kr2≪k1).
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charges diminish and/or the free energy states of the species are
modiﬁed by the redox state, age and different treatments (e.g. by
inhibitors) of the whole cells. As the delayed ﬂuorescence is an
excellent tool to track the back reactions, parallel measurements of
prompt and delayed ﬂuorescence and ﬂash-induced absorbance
changes were carried out to study the pathways and role of charge
recombination.
The decay of DL of intact cells after ﬂash excitation is highly
complex but we will analyze here the slowest components only.
Typically, the DL decays in the 1–10 ms time range (Fig. 2A) showing
kinetic relevance with the decay (re-reduction) of oxidized cyt c2
tracked by absorption change at 551 nm (vs. 570 nm) (Fig. 2C). The
traces of P+/P redox change and cyt c2 oxidation are much faster (not
shown). Upon addition of 10 mM Na-dithionate to the cells, the
intensity of DL increased by about one order of magnitude probably
due to reduction of QB and Qpool but not of QA (Fig. 2A). On the
contrary, addition of external electron donor (reduced TMPD or DAD
(not shown)) to the cells decreased the intensity of the DL without
sever modiﬁcation of the kinetics. After treatment with TMPD, the
decay of the oxidized cyt c2 accelerated but the amplitude remained
nearly unchanged (Fig. 2C). The effect can be attributed to direct
electron donation from TMPD to cyt c23+. Based on these ﬁndings, we
can argue that the cyt c23+ PQA− redox state should be the major
precursor of the observed DL.
If the oxidation of cyt c22+ by (ﬂash-induced) P+ is inhibited by
ferricyanide and the interquinone (QA− → QB) electron transfer isFig. 2. Decay of DL of whole cells under different conditions (A and B) and comparisonwith k
after a single ﬂash excitation. Conditions: Panel A: electronically gated photomultiplier, count
10 mM Na-dithionite and 1 mM TMPD (b), no treatment (c) and 500 μM TMPD (d). Panel
electronic gating (a) or by mechanical shutter (b, pH 8.82; c, pH 7.06; d, pH 4.77). Pane
decomposition of the kinetics: rates: (2.9 ms)−1 (a) and (0.81 ms)−1 (b) and amplitudes: 0
and amplitude 0.48 mOD.blocked by terbutryn (or stigmatellin, not shown), long-lived DL is
measured in the 10–100 ms time range (Fig. 2B). The time interval is
the overlapping operating range of the two different techniques
designed to protect the photomultiplier from the intense prompt
ﬂuorescence: 1) electronic gating of the detector and 2) mechanical
shutter. Bothmethods deliver similar monoexponential decay kinetics
with slight pH-dependence. The decay of DL runs together with the
absorption change at 798 nm that is characteristic to the P+/P redox
change. Under these conditions, the precursor state of DL is the P+QA−
redox state of the RC.
After identiﬁcation of the two precursor states of the DL and the
pathways of charge recombination, we can study their thermody-
namics and pH-dependence. The free energy level of P+QA− redox state
at different pH values can be determined by relating the integrated
delayed ﬂuorescence, ∫Fd(t)dt to that of the prompt ﬂuorescence,
∫Fp(t)dt under identical optical and electronic conditions as was ﬁrst
applied to isolated RC by Arata and Parson [8]:
Z ∞
0
Fd tð ÞdtZ ∞
0
Fp tð Þdt
=
kfup
kduf
exp
Go ATQ
kBT
: ð1Þ
Here, kBT is the Boltzmann factor (25 meV at room temperature)
and ∫Fd(t)dt and ∫Fp(t)dt are the integrated intensities of delayed and
prompt ﬂuorescence, respectively. They were measured in the sameinetics of absorption changes due to cyt c23+/cyt c22+ (C) and P+/P (D) redox transitions
ed DL photons, sum of 100 traces and 1 Hz ﬂash repetition rate. 10mMNa-dithionite (a),
B: 120 μM terbutryn and 250 μM K-ferricyanide. The photomultiplier was protected by
l C: Average of 16 traces. No treatment (a) and 1 mM TMPD (b). Monoexponential
.62 mOD (a) and 0.70 mOD (b). Panel D: Average of 16 traces, pH 7.06, rate (24.0 ms)−1
Fig. 3. External pH-dependence of free energy gap, Go between A⁎ and P+QA−
determined from the ratio of the integrated delayed ﬂuorescence and prompt
ﬂuorescence (■, left vertical axis). The integrated DL values were normalized to the
amplitudes of ﬂash-induced P/P+ absorption change. Eq. (3) was used to ﬁt the data
(solid line): GHo =−910 meV, pK1=5.0, pK1'=5.75, pK2=9.1 and pK2'=9.5. Condi-
tions are the same as in Fig. 2B(b–d) and D. External pH-dependence of change of the
free energy ΔGo between A⁎ and cyt c23+ PQA− determined from the logarithm of the
integrated DL (□, right vertical axis). Conditions are the same as in Fig. 2A(c) and C(a).
Fig. 4. Temperature-dependence of the integrated DL originating from two different
precursors P+QA− (■) and cyt c23+ PQA− (□) (van't Hoff plot, left vertical axis) and
temperature-dependence of the rate constant of re-reduction of cyt c23+ (⁎) (Eyring
plot, right vertical axis). Conditions: 120 μM terbutryn and 2 mM K-ferricyanide,
ΔHo=340meV(■),120μMterbutrynandΔHo=−180meV(□) andΔHo=1200meV(⁎).
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10 kHz ﬁlter and ampliﬁcation of 100) conditions, with the exception
of the excitation intensity. The exciting laser light was attenuated by a
set of calibrated neutral densityﬁlters (1·10−9) to adjust the intensity
of the prompt ﬂuorescence to a level similar to that of the delayed
ﬂuorescence. An exponential ﬁt to the decay of the delayed
ﬂuorescence was used to compute the integration: ∫Fd(t)dt=A0/kd,
where A0 is the amplitude of emission at t=0, and kd (=kr1, see Fig. 1)
is the rate of decay of the P+QA− precursor state of the delayed
ﬂuorescence (kd=25 s−1 at pH 7.8). The ratio of the integrated values
of the delayed andpromptﬂuorescencewas 4.9·10−6 at pH7.8. On the
right hand side of Eq. (1), kf, the ﬂuorescence rate constant of the
antenna bacteriochlorophyll species was determined from the inte-
gration of the ﬂuorescence spectrum (kf=8·108 s−1, [28]). The
quantum yield of the P+QA− formation (photochemical trapping) was
taken as unity (φp=1, [36]), and φf, the yield of prompt ﬂuorescence
was determined from the known (0.97) ﬂuorescence yield of dye
Rhodamine B in ethanol (φf=5·10−3, [14,28,37,38]). With these
values, Eq. (1) offers GoA⁎Q=−870 meV at pH 7.8.
Unfortunately, the method cannot be applied for DL originating
from the cyt c23+ PQA− redox state. Due to the fast decay of the DL from
intact cells (faster than the opening time of the mechanical shutter),
the DL had to be measured by photon counting that was however not
fast enough in our set-up (10 MHz) to track the prompt ﬂuorescence.
This is why only the change (ΔGo) and not the absolute value of the
free energy of the cyt c23+ PQA− precursor state as a function of pH is
calculated according to
ΔGo Go pH2ð Þ− Go pH1ð Þ
 
= kBT  ln
R
Fd tð Þdt pH2ð ÞR
Fd tð Þdt pH1ð Þ
: ð2Þ
The ΔGo values were plotted in Fig. 3 as function of the external
pH because the pH was not monitored inside the cell. The external
and internal pH values might differ depending on the H+ ion
permeability of the cell membrane and the buffering capacity inside
the cell.
While the intensity of DL reﬂecting the cyt c23+ PQA−→cyt c22+ PQA
charge recombination is entirely pH-independent, the intensity of
DL coming from the P+QA−→PQA charge recombination shows slightpH-dependence in the acidic and alkaline pH ranges. The measured
Go (pH) values can be formally approximated by sum of Henderson–
Hasselbalch curves expressing the interaction of protonatable groups
of the RC protein with the charges of the P+QA− dipole:
Go pHð Þ = GoH + kBT 
X2
i=1
ln
1 + 10pH−pK
0
i
1 + 10pH−pKi
: ð3Þ
Here GHo is the free energy level at very low pH (when all
protonatable groups are protonated) and pKi' and pKi are the pK values
of the ith group with and without charges on P and QA, respectively.
The determinations of the enthalpy change and the entropic
contribution belong to the complete description of the thermody-
namics of the charge recombination. The enthalpy change can be
calculated from the slope of the inverse temperature-dependence of
the logarithm of the integrated intensity of DL (van't Hoff plot, Fig. 4).
In the case of DL coming from P+QA− redox state, the slope is negative
and the enthalpy change is ΔHo=340 meV at pH 7.8. To our surprise,
the van't Hoff plot of the DL controlled by the cyt c23+ PQA− redox state
of the RC offered a straight line with a positive slope and ΔHo=
−180 meV could be deduced! As the major route of disappearance of
the precursor is the re-reduction of oxidized cyt c2 by the cyt bc1
complex, the temperature-dependence of this rate constant, k1 was
measured and analyzed according to the Eyring equation (transition-
state theory):
k1 = κ 
kBT
h
exp −ΔG
T
kBT
 !
: ð4Þ
Here κ is the transmission coefﬁcient, h is the Planck's constant
and ΔG⁎ is the free energy of activation: ΔG⁎=ΔH⁎−T·ΔS⁎, where
ΔH⁎ and ΔS⁎ are the activation enthalpy and entropy, respectively. As
κ is unknown (usually it is taken 1), we restrict to determination of
ΔH⁎ only. The Eyring plot offers straight line with negative slope
corresponding to ΔH⁎=1200 meV.
As the DL originates from charge pairs in the RC, the larger is the
concentration of the dipoles, the higher will be the intensity of DL. If
the charge escapes either to the donor or to the acceptor side, the
precursor state of the DL disappears. Thus, DL measures the export
of charges from the RC. Additional insight into this problem comes if
we monitor the relaxation of BChl prompt ﬂuorescence from Fmax to
Fo levels after saturating Nd:YAG laser ﬂash or laser diode excitation
Fig. 5. Kinetics of recovery of ﬂuorescence yield after saturating ﬂash excitation under
different conditions. The ﬁrst ﬂash, either very short (Nd:YAG laser, 5 ns,●,■) or longer
(laser diode, 1 ms, ◊, Δ), brings the BChl ﬂuorescence of the cells from dark-adapted
minimum level (F0) tomaximum (Fmax). After the ﬁrst ﬂash, a second (laser diode) ﬂash
is ﬁred with varying delay to test the initial ﬂuorescence level (F0(2)) of the ﬂuo-
rescence induction. Eq. (5) was used to ﬁt the data (■ and ◊, solid lines): kD=88 s−1
and kA=6.3·104 s−1 (■) and kD=1.6·103 s−1 and kA=88 s−1 (◊). Conditions: the
ﬁrst ﬂash is Nd:YAG laser and the actual redox potential is 54 mV (●) and 390 mV (■);
both ﬂashes come from a laser diode and the cells are intact (◊) and treated by 120 μM
terbutryn (Δ).
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from the intense BChl ﬂuorescence during laser excitation. The re-
opening of the closed RC (P+QA−) follows complex kinetics that is
sensitive to the duration of the exciting ﬂash, to the redox state of
the RC and to inhibitors. In the simplest model where the charges
are exported by ﬁrst order reactions of rate constants kA and kD to
the acceptor and donor sides, respectively, the re-opening kinetics
can be calculated analytically:
PQ½  tð Þ = 1 + exp − kA + kDð Þ  tð Þ− exp −kAtð Þ + exp −kDtð Þð Þ: ð5Þ
If the opening kinetics is steep, Eq. (5) will be good approximation
with reasonable kA and kD rate constants. Eq. (5) is also useful if the
export is blocked on one side. Terbutryn inhibits the electron ﬂow on
the acceptor side (kA≪kD) and Eq. (5) gives closed RC in the t≪1/kA
time interval in accordance with our experiment (Fig. 5). If, however,
the kinetics extends to time range of several orders of magnitude, the
assumption of escape of charges via monoexponential reactions is not
valid anymore. As the donor-side reaction is usually fast (10–100 μs),
the spread out of the re-opening kinetics to wide time range can be
attributed to the multiphasic re-oxidation of QA−.
4. Discussion
The novelties of our work are the identiﬁcation and thermo-
dynamic characterization of two precursor states of the DL emitted
from whole cells of Rba. sphaeroides. Together with results from
ﬂuorescence relaxation measurements, the kinetics of charge export
from RC can be determined under different conditions of inhibitors
and redox states of the cells. The discussion will focus on these topics.
4.1. Two precursor states of DL from whole cells
In contrary to isolated RC, the delayed ﬂuorescence originates not
directly from P⁎ but from any of the bacteriochlorophylls in the
antenna surrounding the RC in the intracytoplasmic membrane of the
bacterium. The electron excitation energy of P⁎ produced by charge
recombination in the RC is transferred to the antenna (A⁎) and will be
emitted as delayed ﬂuorescence (Fig. 1). The antenna draws out theexcitation from the RC and ampliﬁes the intensity of DL due to the
entropic effect. Indeed, two orders of magnitude greater DL intensity
can be measured in the presence of antenna pigments than in their
absence [13]. The free energy drop from A⁎ to P+QA−, GoA⁎Q, can be
calculated by comparison of the integrated intensities from delayed
and prompt ﬂuorescence. A similar method of calibration was applied
for isolated reaction center proteins [8] and for membrane fragments
[28] earlier. The free energy level of P+QA− is 870 meV below the
excited state of the bacteriochlorophyll in the antenna. The free
energies can be related also to P⁎ in the RC: GoP⁎Q=GoA⁎Q−GoA⁎P⁎,
where GA⁎P⁎=h·c/(1/λA−1/λP). Here c is the speed of light in
vacuum and λA=900 nm (not shown) and λP=915 nm [11,39,40] are
the peak wavelengths of the prompt ﬂuorescence of whole cells and
isolated RC, respectively. The excitonic trap of P in the pigment bed of
the antenna is shallow: GA⁎P⁎=23meV. The free energy level of P+QA−
is 847 meV below P⁎ (533 meV above the ground state PQA) in whole
cells, similarly as reported for chromatophores [28] and is slightly
smaller than in isolated RC [11]. This observation implies that the
P+QA− dipole is exposed to identical interactions with its surrounding
in living cells as in membrane fragments (chromatophores).
4.2. Entropic/enthalpic changes associated with charge recombination
in cells
As DL originates from thermal re-population of antenna bacterio-
chlorophyll from precursor states P+QA− or cyt c23+ PQA− via P⁎, the
enthalpic changes accompanied the corresponding back reactions were
determined from van't Hoff plots (Fig. 4). ΔHA⁎Q=340 meV (pH 7.8)
was obtained for the P+QA−↔A⁎ process which is signiﬁcantly smaller
than that measured in isolated RC (830 meV, [11]). As the free energy
change in whole cells is ΔGoA⁎Q=870 meV, the contribution of the
entropic change (−T·ΔSo=530 meV) is somewhat larger than that of
the enthalpic change at room temperature. While the re-population of
P⁎ from P+QA− is driven overwhelmingly by enthalpy change in isolated
RC, the entropic contribution becomes more signiﬁcant (but not
dominant) in whole cells. Similarly, as the excitation energy gains
entropy by escape from RC to the antenna, the increase of entropy in
charge separation/recombination becomes more signiﬁcant in whole
cells than in isolated RC.
The determination of the enthalpy change of cyt c23+ PQA−↔
cyt c22+ PQA from the observed DL is not so straightforward as was for
the P+QA−↔PQA reaction. The difﬁculty arises from the temperature-
dependence of the lifetime of the precursor: not only the Boltzmann
term but kd (=k1+kr2) is also temperature-dependent in Eq. (1). (The
rate constant of P+QA−→PQA charge recombination (kd=kr1) has very
mild temperature-dependence due to the tunneling mechanism of
the electron transfer.) This was clearly demonstrated by the observed
steep temperature-dependence of the rate constant of re-reduction of
cyt c23+. At elevated temperature, the re-population of P⁎ increases
due to the Boltzmann term but decreases due to a shorter lifetime of
the precursor. Taking into account the two opposite tendencies,
1020 meV enthalpy change can be estimated for the cyt c23+ PQA−↔
cyt c22+ PQA reaction which is signiﬁcantly higher than that of the
other P+QA−↔PQA charge separation/recombination reaction.
4.3. Weak pH-dependence of the free energy gap
The free energy gap between A⁎ (or P⁎) and P+QA− showed only
mild pH-dependence in whole cells (Fig. 3). In accordance with this
observation, the free energy level of P+QA− determined by delayed
ﬂuorescence measurements was found also only very weakly pH-
dependent in chromatophores [14] and isolated RC [11,27]. This
ﬁnding is in sharp contrast to results of earlier equilibrium redox
potentiometry on native chromatophore membranes of different
bacterial strains [41–43]. The midpoint redox potential of QA/QA− in
Rba. sphaeroides showed strong pH-dependence with a slope of
1449E. Asztalos, P. Maróti / Biochimica et Biophysica Acta 1787 (2009) 1444–1450−60 mV/pH unit up to pKa'=9.8 for the reduced species indicating
that the reduction of the primary quinone was coupled to the uptake
of one proton per electron [42,44]. Our delayed ﬂuorescence
measurements carried out on native cells of Rba. sphaeroides support
the view that the strong pH-dependence of the midpoint redox
potential of QA observed in potentiometric titrations might be an
artifact of the redox equilibration with the Q pool through the QB site,
as suggested earlier [14,45].
The small but deﬁnite pH-dependence of the free energy gap
between A⁎ and P+QA− is indicative of ﬂash-induced protonation
events around the quinone binding site. Protonatable amino acids in
interactionwith the quinonemay response to charge separation (P+QA−
formation) by uptake of (Bohr) protons and contribute to the energetic
stabilization of the charge pair [30]. In principle, this explains our
observation of larger free energy gap in the acidic than in the alkaline
pH range. After a formal ﬁt of the mild pH-dependence of the free
energy gap by the sum of Henderson–Hasselbalch type curves (Eq. (3)),
very small pK shifts of the acidic (pK1'−pK1=0.75) and basic (pK2'−
pK2=0.4) groups were obtained indicating weak interactions of
protonatable groups with light-induced charges on QA and P. The
observed complete lack of pH-dependence of the free energy gap for the
cyt c23+ PQA−↔cyt c22+ PQA reaction is indicative of involvement of P+ in
the interactions. Earlier works showed highly diverse results and
tendencies. A similar pH-dependence of the intensity of delayed light
was reported in chromatophores from Rhodopeudomonas viridis by
Carithers and Parson [46]. Opposite results were published using
chromatophores from Rba. sphaeroides by Arata and Nishimura [28]
probably because of the not proper resolution of the different kinetic
components of the delayed ﬂuorescence. Recent studies argue for
collective behavior of multiple acidic residues resulting in strongly
anticooperative protonation [47]. The interactive proton cluster (proton
sponge) extends along the cytoplasmic side of the RC and this long
range interaction may account for the observed pH-dependence of the
proton uptake by the RC in its charge separated states [48].
4.4. Kinetic limitations of export of charges from RC in intact cells
The connection between delayed and prompt ﬂuorescence can be
utilized not only for determination of the free energy states of the
precursor but also for detection of the kinetics of export of charges
from the RC. The two methods reﬂect different but comprehensive
aspects of the charge transfer. They both depend on the existence of a
charge dipole and disappear if the dipole is lost. While the prompt
ﬂuorescence level is low at open (PQA) and high at closed (P+QA−) RC,
the intensity of the DL is large at short dipoles and is smaller at longer
dipoles. These simple properties can be applied to understand our
results on ﬂash duration and chemical and electrochemical modiﬁca-
tions of the cell.
As the rate of cyt c2 oxidation by P+ is very large in untreated intact
cells (104–105 s−1, [30]), the rate of re-opening of the RC is affected
primarily by the acceptor side (Fig. 5). The observed extended
relaxation indicates that the re-oxidation of QA− should occur in
different kinetic steps that may arise from partial occupancy of the QB
binding site by semi- (Q−) or even fully reduced (QH2) quinone.
Similar multiphasic decay of the ﬂuorescence yield was reported in
photosystem II of higher plants [49] and in photosynthetic bacteria
[50]. The complex kinetics may be the ﬁngerprint of a structure of the
supercomplex. It was recently proven that fast oxidation of QA− under
anaerobic conditions required the organization of the electron
transport components in supercomplexes [51]. In addition tomodiﬁed
redox equilibria which prefer the shift towards the reduced species,
the interactions in the supercomplex may even mask the classical two
electron gate function of the quinone acceptor complex.
Ferricyanide assures high redox potential and much simpler
distribution of redox states of the species. The complex kinetics of
ﬂuorescence relaxation will be transformed to simple combination ofﬁrst order reaction kinetics. Ferricyanide slows down the donor-side
reaction cyt c22+P+→cyt c23+P to kD=88 s−1 by oxidation of cyt c22+
but keeps the acceptor side reaction fast: kA=6.3·104 s−1 by chemical
oxidation of the reduced components of the quinone system.
Similarly dramatic changes were experienced if the duration of
laser excitation was increased from 5 ns to 1 ms. During 1 ms
illumination, the RC turned over several (about 5–10) times as
checked from the rise time of the ﬂuorescence induction curve. Under
these conditions, the reducing equivalents were accumulated on the
acceptor side and relatively slow rate of export was obtained:
kA=95 s−1. The bottle neck of electron transport was the diffusion
limited reaction of Q/QH2 exchange between QB site and Qpool. The
donor-side reaction was also affected (decelerated) by accumulation
of charges and the diffusion controlled cyt c23+→cyt bc1 reaction
could be the limitation (see Fig. 2C). The rate constant became
somewhat higher than that at the acceptor side: kD=1.6·103 s−1.
5. Conclusions
Delayed ﬂuorescence combined with prompt ﬂuorescence and
absorption change measurements allowed thermodynamic and
kinetic characterization of two competing primary reactions: charge
recombination in RC and electron ﬂow from RC. These processes were
investigated not in membrane fragments or in isolated RC but in
suspension of intact cells of bacteria. Two precursor states (cyt c23+QA−
and P+QA−) of DL were identiﬁed whose lifetimes were determined
by the cyt bc1 complex (cyt c23+→cyt c22+) and by the charge
recombination (P+QA− → PQA), respectively. The signiﬁcance of these
back reactions as waste processes of light energy conversion is
controlled by redox agents, inhibitors and regime of illumination. The
results can set the stage for the construction of a biomonitoring
system of light utilization by photosynthetic bacteria.
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